Abstract. We compare regional climate change scenarios (temperature and precipitation) over eastern Nebraska produced by a semiempirical statistical downscaling (SDS) technique and regional climate model (RegCM2) experiments, both using large scale information from the same coarse resolution general circulation model (GCM) control and 2 x COe simulations. The SDS method is based on the circulation pattern classification technique in combination with stochastic generation of daily time series of temperature and precipitation. It uses daily values of 700 mbar geopotential heights as the large-scale circulation variable. The regional climate model is driven by initial and lateral boundary conditions from the GCM. The RegCM2 exhibited greater spatial variability than the SDS method for change in both temperature and precipitation. The SDS method produced a seasonal cycle of temperature change with a much larger amplitude than that of the RegCM2 or the GCM. Daily variability of temperature mainly decreased for both downscaling methods and the GCM. Changes in mean daily precipitation varied between SDS and RegCM2. The RegCM2 simulated both increases and decreases in the probability of precipitation, while the SDS method produced only increases. We explore possible dynamical and physical reasons for the differences in the scenarios produced by the two methods and the GCM.
Introduction
One of the most significant factors that has hampered progress in the determination of the specific impacts of climate change on relevant Earth systems is the lack of detailed scenarios of regional climate change [$fnith and Tirpak, 1989]. To date, numerous climate change impact assessments have been performed using scenarios generated from the output of general circulation model (GCM) increased CO2 experiments, but these scenarios have lacked regional detail due to the coarse model spatial resolution (currently, between 3 ø and 6 ø of latitude, corresponding roughly to 300-600 km). These models perform relatively poorly at the regional scale [Grotch and McCracken, 1991] , which limits the models' Our purpose is (1) to determine how similar/dissimilar the resulting higher-resolution climate change scenarios are and how they compare with results from the GCM, providing the boundary conditions used for the nested model experiments and the synoptic scale circulation variables used in the SDS method; (2) to explore the causes for differences found, particularly in regard to different causal agents of the Earth atmosphere system and assumptions used in the two techniques; and (3) to determine what these differences mean in terms of the strengths and weaknesses of these techniques.
The paper is divided into the following sections: the remainder of the introduction provides a general comparison of the two methods; section 2 describes the techniques used for this particular application, as well as the general characteristics of the study site. In section 3 we present the results of the experiments for temperature and precipitation; and in section 4 we present our discussion and conclusions.
Semiempirical statistical downscaling attempts to translate large-scale, coarse resolution GCM information into local, high-resolution statistics of surface variables of interest (usually temperature and precipitation) by using empirically derived relationships between observed large scale and local surface variables [Giorgi and Mearns, 1991 Karl et al., 1990; Wigley et al., 1990) , and consideration of daily time scales [e.g., Wilks, 1989 ].
An alternate statistical downscaling technique is the so-called weather pattern approach [ (Lettenmaier, 1995; Wilby and Wigley, 1997] , whereby large-scale weather patterns are classified into different circulation types. Then parameters required for the stochastic generation of, for example, daily precipitation, are conditioned on the different weather types. This approach has appeal because it is believed that more physical meaning is incorporated into the relationships, since weather patterns control aspects of daily precipitation patterns Plate, 1991, 1992 While the regional modeling method is obviously more physically based than any of the semiempirical downscaling approaches, it has some disadvantages as well. (1) The modeling is computationally expensive; (2) the control run simulations at the regional scale still suffer from inaccuracies; (3) the quality of the regional model control run is dependent on the quality of the of the GCM run providing the boundary conditions; and (4) nested models usually require much tuning of parameterizations when applied to new regions. Its advantages include (1) the use of physically based models that can respond in physical ways to different external forcings; (2) it can, in principle, be applied anywhere on Earth (no data limitations); and (3) it can be used at a number of different resolutions.
Thus these two techniques have much in common but are methodologically quite different. In comparing these techniques we hope to shed some light on important questions such as follows: Do differences in the results obtained from the nested model and the SDS model reflect on different strengths and weakness of the techniques, and is there any sense in which one can refer to one response being more "correct" than the other? The climate in this region is characterized by a steep east-to-west decreasing precipitation gradient and a latitudinal temperature gradient ( The point-area issue, however is of less significance when considering mean monthly or annual average values of temperature or precipitation, and is usually of As stated earlier, within each CP type, daily temperature and precipitation also depend on the actual spatial average height of the 700 mb height field. The basic idea is to include the spatially averaged pressure height into the analysis. The annual cycle of the pressure height is considered as an analogy of the difference between present and 2 x CO• climates. The relationship between the probability distribution of temperature or precipitation and the spatial average height is described using historical data. A regression approach is used. Further details on the use of average geopotential height are included in section 4, on using the model to generate the climate change scenario.
The main difficulty of modeling precipitation is its space-time intermittence. The precipitation occurrence at a given location must be conditioned on precipitation at other locations; then the precipitation amount (if any) must be conditioned on occurrence and amount at other locations. This approach requires the estimation of many parameters. As before, the conditional (on CP type) probability distribution of precipitation is far from normal, so a general transformation is needed to establish a relationship between precipitation and a normal distribution. A Fourier series expansion of this In the case of the RegCM2, no observed data are directly used in the model control or doubled CO2 simulations, and the regional model is driven by another (global) model that also has biases. Hence, given the state of art of regional and general circulation models, it is inevitable that the semiempirical statistical downscaling method will present a better validation than the regional climate model.
2.3.4.4.
Use with GCM circulation pattern data: This final procedure is based on the calibrated model and consists of a simulation procedure similar to the one used for the model validation. Specifically, the first two steps of the procedure change: instead of the historical CP type and geopotential information, the corresponding 1 x CO2 and 2 x CO2 results of the GCM are used. We performed this in two different ways. In the first approach, the 1 x CO• case is not used directly. The 2 x CO• case is modified by adjusting GCMgenerated geopotential heights under 2 x CO• by the difference between observed geopotential height and GCM-generated geopotential height under 1 x CO•. The means of incorporating the effect of changes in average geopotential height without using the 1 x CO2 case directly involves making a correction that takes into account the difference between the observed and the control run average geopotential heights. Probability distributions are estimated corresponding to the 1 x CO2 and 2 x CO• monthly mean heights of the 700 pressure field by selecting two subsets corresponding to geopotential heights coming from a neighborhood of monthly mean heights of the 700 mb geopotential fields under GCM-generated 1 x CO• and 2 x CO• climates. Then the probability distributions calculated from the whole historical data set is adjusted according to the difference between the two above mentioned distributions (the A CO• case). Specific forms of this It is unlikely that the spatial details of this surface effect is communicated to the 700 mbar heights, so the SDS method most likely fails to capture it.
Precipitation
For precipitation we compare three quantities: mean daily precipitation, the probability of precipitation, and the median of daily intensity of precipitation. We analyze mean daily precipitation spatially for all stations for the four cardinal months, and we analyze probability of precipitation and daily intensity of precipitation for half of the individual stations. We perform statistical tests on all three quantities. The tests used are described by Mearns et aZ. [1995b] and are taken from Katz [1983] . The tests on probability of precipitation Largest (and most significant) changes occur in April. In January the northern two grids show (insignificant) increases and the southern two (insignificant) decreases.
Thus in April and October the RegCM2 produces mean precipitation decreases that are reflected neither in the driving GCM nor in the SDS results. This is not unusual. Nested model simulations often produce changes in precipitation which are opposite in sign from those produced by the driving GCM [Giorgi et al., 1994; ]. This tends to occur primarily in areas lo- RegCM2 changes, in general, are larger than those of SDS, but fewer differences are 'significant due to the small sample size of the RegCM2 runs. For the CSIRO there is general agreement with RegCM2 in direction of change of probability of precipitation with large significant increases occurring for all four CSIRO grids in April.
The results for the SDS method are again in general agreement with the earlier results for the CCC and MPI GCMs. In the work of Matyasovszky et al. [1994] , most of the changes in probability of precipitation were also quite small, and most were insignificant. However, RegCM2 except for two locations in January (Table 3) In the case of the CCC GCM [Matyasovszky et al., 1994] , largely only increases in mean intensity were found using the SDS method, but both increases and decreases were found for downscaling from the MPI GCM. Since changes in probability with SDS are usually very small, changes in mean daily precipitation are mainly driven by changes in mean intensity.
Discussion and Conclusion
We have demonstrated that substantial differences in the regional details of climate change are produced by two different means of downscaling from the same large-scale GCM experiments. The meaning of these contrasts are not easy to discern. One broad-based conclusion is obvious; that is, some of these differences must pertain to the fact that only aspects of the perturbed climate communicated to the 700 mbar heights are taken into account by the SDS method, while all aspects of the climate system (i.e., those aspects successfully modeled) at all vertical levels of the atmosphere, including the surface come into consideration for the regional model and the GCM. Indeed, one of the underlying assumptions of semiempirical downscaling is that the local predicted variable is primarily a function of synoptic forcing [Hewitson and Crane, 1996] .
The aspects of the driving GCM utilized by each technique is different. Moisture, temperature, and wind fields throughout the vertical levels from the GCM serve as boundary conditions for the regional climate model, while SDS considers only the 700 mb heights. It might be interesting to take the 700 mbar heights from the RegCM2 and recalculate the statistically downscaled climate change to see if this bears greater resemblance to the regional climate model results than those down- Clearly more comparative investigation of these methods is called for. It would be desirable, for example, to produce longer-nested regional model simulations using longer runs from a GCM to increase the sample size for the climate model results and improve the estimation of parameters for the SDS method. Also, comparison over a larger region would probably facilitate finding more complete explanations of results.
Numerous SDS techniques and regional climate models are today available. We do not even as yet know if different regional models respond similarly to control and perturbed climate boundary conditions provided from the same GCM. This will be an important piece of research for determining how differently nested regional models respond to the same lateral forcing, which in turn will contribute to understanding how and why semiempirical downscaling methods differ from nested region modeling approaches in providing highresolution climate change scenarios. Given the strong need expressed for higher-resolution climate change scenarios, the need to understand why different downscaling methods perform differently has become very important; especially since there is mounting evidence that higher resolution scenarios can lead to different estimations of the effect of climate change on resource systems such as agriculture [Mearns et al., this issue]. We encourage more research programs that will lead to rigorous intercomparisons of SDS methods and nested regional climate modeling.
